Abstract: Well-supported molecular phylogenies, combined with knowledge of modern biology, can lead to new inferences about the sequence of character acquisition in early animal evolution, the taxonomic affinity of enigmatic Precambrian and Cambrian fossils, and the Proterozoic Earth system in general. In this paper we demonstrate, in accordance with previous molecular studies, that sponges are paraphyletic, and that calcisponges are more closely related to eumetazoans than they are to demosponges. In addition, our Bayesian analysis finds the Homoscleromorpha, previously grouped with the demosponges, to be even more closely related to eumetazoans than are the calcisponges. Hence there may be at least three separate extant 'poriferan' lineages, each with their own unique skeleton. Because spiculation is convergent within 'Porifera', differences between skeletonization processes in enigmatic Cambrian taxa such as Chancelloria and modern sponges does not mean that these Problematica are not organized around a poriferan body plan, namely a benthic, sessile microsuspension feeding organism. The shift from the anoxic and sulphidic deep ocean that characterized the mid-Proterozoic to the well-ventilated Phanerozoic ocean occurs before the evolution of macrozooplanton and nekton, and thus cannot have been caused by the advent of faecal pellets. However, the evolution and ecological dominance of sponges during this time interval provides both a mechanism for the long-term generation of isotopically-light CO 2 that would be recorded in carbon isotopic excusions such as the 'Shuram' event, and an alternative mechanism for the drawdown and sequestration of dissolved organic carbon within the sediment.
The 'explosion' of animals and protist groups near the base of the Cambrian remains one of the most complex and important questions in historical biology. The heart of the debate is focused on timing: Is the fossil record a faithful chronicle of events, with the origin of clades closely predating their appearance, or does the event simply record the appearance of burrowing and biomineralizing organisms whose stocks diverged deep in the Precambrian (Runnegar 1982) ? The ancestors of the Cambrian metazoan fauna undoubtedly existed in the Precambrian, and the search for Precambrian ancestors has focused primarily on the soft-bodied Ediacaran faunas of Newfoundland, South Australia, Russia and Namibia (Gehling 1991; Narbonne 1998 Narbonne , 2005 . Although these faunas have traditionally been interpreted through direct morphological comparisons with the modern biota, interpretations need to be more tightly constrained by insights gained from both phylogenetic studies of the Metazoa and ecological considerations of modern taxa.
Although a clearer view of triploblast systematics is emerging, the relationships at the base of the metazoan tree are still largely unknown (Eernisse & Peterson 2004; Halanych 2004) . Studies using different markers place sponges, placozoans, cnidarians and ctenophores in almost every conceivable relationship except one: monophyly-all studies (except for some early analyses with limited taxon sampling) unequivocally agree that ctenophores and cnidarians are more closely related to triploblasts than they are to sponges. Recent studies using proteincoding genes from mitochondrial genomes (e.g. Wang and Lavrov 2007 , and references therein) recover 'lower' Metazoa as monophyletic, although the authors attribute this to a clear artifact related to rate changes between triploblast and the 'lower' metazoans. Sponges, which are traditionally regarded as the most basal extant metazoans, are always monophyletic in phylogenetic studies based on morphology alone (Zrzavy et al. 1998; Peterson & Eernisse 2001 ). However, analyses of ribosomal data (Cavalier-Smith et al. 1996; Collins 1998; Adams et al. 1999; Borchiellini et al. 2001; Medina et al. 2001; Cavalier-Smith & Chao 2003; Manuel et al. 2003; Wallberg et al. 2004) as well as protein sequence data (Kruse et al. 1998; Peterson & Butterfield 2005) , suggested that sponges are paraphyletic, with calcisponges more closely related to eumetazoans than to demosponges. The demonstration of poriferan paraphyly represents one of the most important insights that molecular systematics has given palaeontology because paraphyly means that former sponge synapomorphies (shared derived characters, e.g. water canal system [WCS] are metazoan symplesiomorphies (shared ancestral characters) (Peterson & Butterfield 2005; . Poriferan paraphyly then gives insight into the biology and ecology of the last common ancestor of all living metazoans, because we can now state with confidence that the earliest crown-group metazoans were benthic, sessile, microsuspension feeders that extracted dissolved organic matter and picoplankton out of sea water using the WCS (Fig. 1) .
Nonetheless, the importance of poriferan paraphyly extends beyond these palaeoecological insights, as it sheds light on interpreting the phylogenetic affinities of Ediacaran organisms, as well as Cambrian 'Problematica' including Chancelloria. In addition, sponges provide an alternative mechanism for the oxidation of the Proterozoic ocean. Here, sponge paraphyly is explored by analysing with Bayesian phylogenetics a concatenated data set consisting of seven protein sequences from 30 eumetazoan and 12 sponge taxa including one homoscleromorph. Paraphyly is again found, with the interesting result that the homoscleromorph Oscarella is more closely related to the eumetazoans (cnidarians and triploblasts) than it is to any other sponge lineage. We then explore the palaeobiological implications of this result and argue that poriferan paraphyly gives insight into several disparate areas of Precambrian and Cambrian palaeobiology.
Material and methods
Although the Peterson & Butterfield (2005) tree contained several exemplars of both demosponges and calcisponges, the taxonomic coverage within these groups was not widespread-the two included calcisponges group closely within the Calcaronea (Manuel et al. 2003) , and the three demosponges group in the G4 clade of Borchiellini et al. (2004: this study found four main demosponge clades, which they labelled G1-G4). Although we were unable to obtain any calcinean calcisponges, we were able to analyse two G1 sponges, Darwinella mulleri and Dysidea camera, the G2 Chondria sp., as well as the putative G3 sponge Xestospongia sp. (putative because, although not analysed by Borchiellini et al. 2004 , it groups with the G3 Haliclona in Nichols 2005) and the G4 sponge Halichondria sp. All were purchased from Gulf Specimens Marine Laboratory (Panacea, Florida); except for Halichondria, which was purchased from the Marine Biological Laboratory (Woods Hole, MA). Total RNA from these taxa was prepared from live animals by using a one-step TRIzol method (GIBCO-BRL). Total RNA from the homoscleromorph Oscarella carmela was kindly provided by Dr Scott Nichols (University of California, Berkeley). cDNA synthesis was performed with RETROSCRIPT (Ambion, Austin, TX) using 1 -2 mg of total RNA.
Partial sequences of seven nuclear-encoded genes were PCR amplified, cloned, and sequenced using standard techniques: aldolase (ALD), ATP synthase beta chain (ATPB), catalase (CAT), elongation factor 1-alpha (EF1a), methionine adenosyltransferase (MAT), phosphofructokinase (PFK), and triosephosphate isomerase (TPI). Primer sequences are as follows (5 0 -3 0 ): ALDf: GGGAARGGNATH YTNGCNGC; ALDr: GGGGTNACCATRTTNG Fig. 1 . The importance of paraphyly: if the eumetazoans and poriferans both represent monophyletic groups, each with a unique trophic mode, it is not possible to polarize feeding strategy, given that the outgroups are all non-metazoan (a). However, if calcisponges are more closely related to eumetazoans than demosponges, polarity can be established (b), suggesting the water-canal system is primitive and the gut is derived.
GYTT; ATPBf: GTNGAYGT NCARTTYGAYGA; ATPBr: NCCNACCATRTARAANGC; CATf: GA YGARATGDSNCAYTTYGAYMG; CATr: CCN ARNCKRTGNMDRTGNGTRTC; EF1Af: AAYA TYGTNGTNATYGGNCAYGT; EF1Ar: ACNGC NACNGTYTGNCKCATRTC; MATf: GGNGARG GNCAYCCNGAYAA; MATr: CCNGGNCKIA RRTCRAARTT; PFKf: GAYWSNCARGGNA TGAAYGC; PFKr: CCRCARTGNCKNCCCATN ACYTC; TPIf: GGNGGNAAYTGGAARATGA AYGG; TPIr: GCNCCNCCNACIARRAANCC. Gene-specific primers (50 pmol) and 2 mL of cDNA, plus the Amplitaq system (using the 10Â buffer with 15 mM MgCl2, Applied Biosystems) were mixed and used in a touchdown style PCR. The first touchdown (TD 1) procedure started the annealing temperature at 528C and then after two cycles dropped one degree for another two cycles, all the way to 408C, followed by a final ten cycles at 528C. A second touchdown procedure using 35 cycles at 528C using 1 mL of the TD1 as template followed if the genes of interest were not amplified during TD1. PCR fragments of the predicted sizes were excised, purified (Qiagen, Valencia, CA), ligated at 168C overnight into the pGEM-T-Easy vector according to manufacturer's instructions (Promega, Madison, WI), and electroporated into DH10B cells. Clones containing the correct insert size were sequenced with an ABI373 model sequencer according to manufacturer's instructions (Applied Biosystems, Foster City, CA). We were unable to obtain MAT from Dysidea and Halichondria, and PFK from Xestospongia and Chondrilla.
Sequences for the demosponge Amphimedon queenslandica (formerly Reniera, see Hooper & Van Soest 2006) another putative G3 taxon (again not analysed by Borchiellini et al. 2004 , but traditionally classified as a chalinid haplosclerid closely related to Haliclona), as well as the anthozoan cnidarian Nematostella vectensis, the chordates Branchiostoma floridae and Ciona intestinalis, and the polychaete annelid Capitella sp. were downloaded from genomic traces from the NCBI Genbank database. Sequences were edited, translated, and aligned by using v. 7.2.3 (Genetics Computer Group) . Twelve different sponge lineages plus 30 eumetazoan lineages taken from Peterson et al. (2004) and Peterson & Butterfield (2005) and two outgroups were analysed using Bayesian phylogenetics. Bayesian analyses were performed using MrBayes 3.1.2 (Ronquist & Huelsenbeck 2003 ) under a mixed model, with the parameters of seven unlinked evolutionary models (one for each gene) independently estimated during tree search (including the best fitting amino acid substitution matrix). Two independent runs of four linked MCMC chains were set up, sampling the chains every 1000 cycles. Convergence was monitored by controlling the standard deviation of the split sequences (Ronquist et al. 2005) . The results of the two Bayesian runs were summarized by calculating a majority rule consensus of all trees sampled after stationarity was reached.
Results and discussion

Poriferan systematics
A Bayesian analysis was completed for the 12 sponge taxa plus the 30 eumetazoan taxa and the two outgroups (Fig. 2) . All expected highermetazoan relationships (e.g. Metazoa, Eumetazoa, Triploblastica, Protostomia, Ecdysozoa, Spiralia, Deuterostomia, Ambulacraria) (indicated with labelled nodes and the light grey boxes) are recovered, as are the expected internal relationships within phyla (e.g. Cnidaria, Echinodermata, Nemertea, Insecta). The recovery of known external nodes is important in sponge phylogenetics, as hypotheses regarding the phylum are undergoing such flux that there are few internal nodes that can confidently be used as an accuracy check for trees. The posterior probabilities for all nodes are indicated on Figure 2 .
The addition of the new sponge taxa does not change the paraphyly of Porifera: calcisponges are more closely related to eumetazoans than they are to demosponges (Fig. 2 , dark grey box). And similar to previous molecular studies (Borchiellini et al. 2004; Nichols 2005) , the G1 clade of keratose sponges (which here includes Darwinella and Dysidea) is the sister taxon of the G3 þ G4 sponges (Fig. 2 ). Unlike these previous analyses, though, we find strong support for a G1 þ G2 (which here includes the taxon Chondrilla) clade (Fig. 2 ). In addition, our analysis does not support the monophyly of the G3 group as Amphimedon does not group with Xestospongia but instead groups with the two G4 freshwater sponges Ephydatia and Trochospongilla. Thus, the topology found with ribosomal DNA analyses (Borchiellini et al. 2004; Nichols 2005 ) is partially supported with an independent data set.
Previous molecular studies based on ribosomal data (Borchiellini et al. 2004; Nichols 2005) placed the Homoscleromorpha in an unresolved polytomy that included Demospongiae, Calcarea, Ctenophora and Cnidaria. Wang & Lavrov (2007) , using sequences from the complete mitochondrial genome of Oscarella carmela, recovered this taxon as the sister group of the other sequenced demosponges. As mentioned above, current mitochondrial trees recover a monophyletic 'Lower' Metazoa, a result that morphological, ribosomal, nuclear protein coding and microRNA (Sempere et al. 2006 ) data sets strongly refute, and it is difficult to evaluate the placement of taxa within an erroneous topology. The Bayesian tree recovered here places the homoscleromorph Oscarella as the sister taxon to Eumetazoa (Cnidaria þ Triploblastica). Phyla have both a constructional Fig. 2 . Bayesian analysis of 30 eumetazoan taxa and 12 'sponges' rooted on the plant Arabidopsis and the yeast Saccaromyces. Note the paraphyly of 'Porifera' (dark grey box) with the homoscleromorph Oscarella more closely related to eumetazoans than to other sponges, forming the clade Epitheliozoa (node 3), and the calcisponges more closely related to the epitheliozoans than to demosponges (node 2). In addition, note the division of demosponges into two clades: G1 (Dysidea, Darwinella) þ G2 (Chondrilla); and G3 (Xestospongilla, Amphimedon) þ G4 (Microciona, Halichondria, Ephydatia, and Trochospongilla). Major eumetazoan groups are indicated with light grey boxes. M. edulis and californianus are members of the genus Mytilus.
and a historical context, and although the homoscleromorph body plan is not exceptionally different from other sponges, this result establishes, in effect, a new phylum-level lineage if further analyses with more homoscleromorph taxa continue to find Homoscleromorpha þ Eumetazoa to the exclusion of the other two sponge lineages. This result is not completely unexpected, given that homoscleromorphs are unique among sponges in possessing two eumetazoans characters-true epithelia (Boury-Esnault et al. 1984; 2003; Boute et al. 1996) , and a distinct acrosome (Harrison & De Vos 1991; Boury-Esnault & Jamieson 1999) .
Although this result must be tested with more taxa, congruence of independent morphological and molecular data sets provides strong support for phylogenetic inferences.
Poriferan paraphyly and character acquisition Donoghue (2005) , in his discussion of plant phylogeny, demonstrated the usefulness of paraphyly in unravelling the sequential evolution of what had once appeared to be a number of phylogenetically coincident character changes. Key changes in plant evolution occurred not at a single node, but were spread along many steps. The demonstration that Porifera is paraphyletic and therefore represents an evolutionary grade has important implications for the polarization of character states and understanding the sequence of character acquisition at the base of Metazoa.
Metazoa (Fig. 2 , node 1) is characterized, in part, by the acquisition of multicellularity and the presence of the extracellular matrix, a complex of collagen, proteoglycan, adhesive glycoprotein and integrin, which mediates cell motility and transitions between epithelial and motile cell types (Morris 1993) . Because of sponge paraphyly, the WCS with choanocytes (itself a likely plesiomorphic cell type), had also evolved by this point as well. The unnamed clade Calcarea þ Epitheliozoa (epitheliozoans are the homoscleromorph þ eumetazoans, see below) ( Fig. 2, node 2) is potentially characterized by the presence of cross-striated rootlets. Most metazoan ciliated cells have a system of cross-striated rootlets that originates in the ciliary basal body and extends into the cytoplasm. Calcisponge larvae, as well as those of homoscleromorphs, have long, crossstriated cell rootlets (Woollacott & Pinto 1995; Amano & Hori 2001; Boury-Esnault et al. 2003) that were perhaps incorporated into adult eumetazoans through neotenous evolution (Maldonaldo 2004) . However, the choanoflagellate Monosiga, the placozoan Trichoplax, as well as several other protistan taxa, also have striated rootlets (Nielsen 2001; Boury-Esnault et al. 2003) implying that either the rootlets of Calcarea þ Epitheliozoa are not homologous with those of choanoflagellates or this trait is plesiomorphic for Metazoa and has been secondarily lost in Hexactinellida and Demospongiae.
The clade Homoscleromorpha þ Eumetazoa is herein recognized as Epitheliozoa (Fig. 2, node 3) . Ax (1996) defined the clade Epitheliozoa for the clade of epithelial animals, and it is usually considered to include Ctenophora, Cnidaria and triploblasts (e.g. Wallberg et al. 2004) . The position of the homoscleromorphs as the sister taxa to Eumetazoa, as well as the presence of basal laminae (Boute et al. 1996; Boury-Esnault et al. 2003) , suggests that the Epitheliozoa should include the Homoscleromorpha. A second potential apomorphy of the Epitheliozoa is the presence of an acrosome (Harrison & De Vos 1991; Boury-Esnault & Jamieson 1999) . Thus, of the four primary eumetazoan characters-tissues, an acrosome, a nervous system and a gut-the acquisition of tissues and the acrosome antedated the last common ancestor of homoscleromorphs and eumetazoans. The expression of features such as epithelia in the adult, along with the acquisition of these new characters (nervous system and gut), and the loss of the WCS, could be due to a coordinated character change (Jenner 2004) accompanying the neotenous evolution of a non-feeding sponge larva to a predatory eumetazoan. Based on molecular clocks, this coordinated character loss and acquisition accompanying the dramatic change in trophic strategies from sponge to eumetazoan is likely to have occurred sometime during, or soon after, the melting of the Marinoan glaciers c. 635 Ma (Peterson & Butterfield 2005) , and may be tied to the oligotrophic ocean conditions associated with the Marinoan glaciation.
Poriferan paraphyly and Precambrian palaeobiology
Precambrian fossils are often confusing and contentious and among some of the more enigmatic forms are the rangeomorph fauna, preserved primarily in Ediacaran age strata in the Avalon Zone of Newfoundland. These fossils provide an example of the usefulness of modern systematic studies in constraining the possible phylogenetic hypotheses for Precambrian fossils.
Ediacaran fossils were first discovered in the middle of the 19th century in Newfoundland, but these structures were not recognized as biogenic until very recently (Gehling et al. 2000) . These fossils were deposited between 575 Ma and 560 Ma (Benus 1988; Bowring et al. 2003; ) in a deep-water setting well beneath the photic zone (Wood et al. 2003) . The rangeomorphs, or 'fractal vendobionts' (Seilacher et al. 2003) , which make up more than 85% of specimens in the classic Mistaken Point Formation, are composed of fractally-repeating architectural elements (Narbonne 2004 ). The organisms grew by pure inflation, with the first-order branches eventually turning into second-order. Fractal or infaltionary systems are a method for increasing the surface area-to-volume ratio, as might be expected for an organism feeding directly from the water-column without orifices. In the presence of a 'soup' of dissolved organic carbon (DOC) that likely existed during the Proterozoic (Rothman et al. 2003) , rangeomorphs likely fed primarily on this DOC pool using direct absorption. Noting their environmental setting beneath the photic zone, indeterminate growth and lack of movement or taphonomic shrinkage, Peterson et al. (2003) suggested that many members of the Newfoundland fauna, such as Aspidella, Charnia and Charniodiscus, resembled Fungi rather than Metazoa. Nonetheless, recent studies have considered the degree of tiering similarity between the Newfoundland Ediacaran ecosystems and both Palaeozoic and Modern ecosystems sufficient to place the rangeomorphs with the Metazoa (Clapham & Narbonne 2002; Clapham et al. 2003) . The lack of any eumetazoan features such as a gut or mouth, depsite the exceptional preservation, prompted Narbonne (2005) to consider the rangeomorphs as an extinct architecture that may lie between poriferans and cnidarians on the metazoan tree, a position first proposed by Buss and Seilacher (1994) .
However, in light of the results of sponge paraphyly as discussed above, this phylogenetic placement of the rangeomorphs, while not impossible, does not represent the most likely evolutionary scenario. Given that the last common ancestor of metazoans was something akin to a modern sponge, this implies that a WCS is primitive for Metazoa, and thus must have been lost early in the phylogenetic history of rangeomorphs if the group is apical to sponges. Although eumetazoans must have also lost the WCS, the key difference here is that acquisition of the gut allowed eumetazoans to change trophic modes and feed macrophagously, whereas rangeomorphs would still feed on the abundant DOC in the Proterozoic ocean in a manner analogous to sponges. While evolution is not always a predictable pathway, the loss of the WCS by a sponge-like organism in favour of a fractal construction to feed on the same food source does not represent a parisimonious interpretation of the data. The ecological studies of Clapham and colleagues showing similarity to modern and ancient animal ecosystems is merely sufficient to demonstrate that they are heterotrophs that partitioned the water column for suspension feeding, but does not necessarily imply that they were, in fact, metazoans. Community tiering to extract nutrients more efficiently from the water column is a simple ecological strategy, likely to be adopted regardless of phylogenetic affinity, as shown by the convergent strategy used by Early Cambrian sponges (Yuan et al. 2002) . Considering: (1) the deep-water setting which precludes a plant or algal status; (2) the lack of any eumetazoan apomorphies despite exceptional preservation; (3) their fractal organization; (4) the heterotrophic tiering of the community; and (5) the low probability that the WCS would have been lost in favour of a fractal design to feed on the same material, the Newfoundland rangeomorph fauna probably represent members of the opisthokonts (the group defined by the last common ancestor of fungi and animals; Cavalier-Smith 1998), but were not crown-group metazoans. It is worth emphasizing that they still could be stem-group metazoans, but our point is that the most likely explanation of the trophic data is that the last common ancestor of metazoans and rangeomorphs was unicellular, and the fractal and water canal architectures are two different solutions to achieve the same goal, namely feeding upon the abundant DOC available during the Ediacaran.
Poriferan paraphyly and Cambrian 'problematica'
Modern poriferan systematics and biology can also be used to infer the phylogenetic placement of several groups of enigmatic Cambrian fossils, and suggest guidelines for the taxonomy of sponge fossils in general. For example, chancelloriids are a group of early Cambrian spongiform organisms that were originally considered to be sponges but have since been the subject of a long history of taxonomic speculation. They range from the earliest Cambrian to the early Late Cambrian, flourishing in shallow marine environments, often as components of archaeocyathan mounds (Janussen et al. 2002) . Although they are usually found as disassociated sclerites, complete scleritomes can be found in low-energy depositional environments. The scleritomes show sessile, attached, sac-like fossils that are covered by spiny sclerites. The nonanchored end contains a thick tuft of sclerites that likely surrounded an apical orifice (Bengtson 2005) . The sclerites have thin, originally aragonitic walls surrounding a cavity with a restricted basal opening (Bengtson & Missarzhesky 1981) . The outer surface was covered by a soft epithelial integument, perhaps indicating the presence of desmosomal cell junctions (Bengtson & Hou 2001; Janussen et al. 2002) . Chancelloriids were originally described as poriferans due to their spongelike body form (Walcott 1920) , and some workers still adhere to this position (Butterfield & Nicholas 1996) . Nonetheless, in recent years others have suggested possible affinities with ascidians (Mehl 1996) , cnidarians (Randall et al. 2005) , and with the extinct and most likely polyphyletic (Conway Morris & Chapman 1997) Coeloscleritophora (Bengtson & Missarzhevsky 1981) . Most arguments against a sponge affinity have focused on the sclerites (Bengtson 2005; Randall et al. 2005) , and because there are clear differences between the spicules of chancelloriids and sponges, most authors agree that the two are not homologous. We agree. Most workers argue further that if the spicules are not homologous, then chancelloriids are not sponges. We disagree.
First, despite the superficial morphological similarity of spicules, clear structural and developmental differences exist between silicisponges and calcisponges (Harrison & De Vos 1991; Reitner & Mehl 1996; Brusca & Brusca 2002) . Silicisponges deposit siliceous spicules intracellularly, first secreting an organic carbon axial filament within an elongated vacuole in a sclerocyte. As the axial filament elongates, hydrated silica is secreted into the vacuole and around the filament. Calcareous sponges, on the other hand, deposit their spicules extracellularly and without an organic axis; each spicule is essentially a single crystal of calcium carbonate. Second, the presence of silicified spicules does not characterize all demosponges. The G1 sponges form their skeleton entirely of spongin fibres and do not secrete a siliceous skeleton. The same is true for most, but not all of the G2s-Chondrilla lacks megascleres but possesses aster microscleres that are homoplasic with respect to other demosponges (Borchiellini et al. 2004) . In fact, if hexactinellids are nested near or within the G3/ G4 sponges, as suggested by some rDNA studies (Cavalier-Smith & Chao 2003; Nichols 2005) , then this would strongly suggest that siliceous megascleres arose only once; differences between the spicules of hexactinellids and demosponges could be due to the radically different cellular organizations of the two (Leys 2003) . And third, the presence of silicified spicules does not characterize all of Homoscleromorpha. Two genera (Oscarella and Pseudocorticium) are aspiculate (Muricy & Diaz 2002) , but whether this is primitive or not is unknown, as the internal phylogeny of Homoscleromorpha remains unexplored by modern molecular means. Therefore, it is clear from the emerging sponge phylogeny that spicules arose at least three times within 'Porifera': at least once within Silicispongia, once within Calcispongia and once at either at the base or within Homoscleromorpha. Given the clear homoplasy of massive calcareous skeletons within demo-and calcisponges (Chombard et al. 1997) , convergence of spicule structure as well should not be too surprising.
The inescapable conclusion is that an organism cannot be removed from the poriferan grade based simply on spicule characteristics. An organism is a 'sponge' (taxon in quotes to represent a paraphyletic grade) if it feeds using a WCS, pumping water through a chamber via the power of choanocytes and extracting dissolved organic matter and picoplankton from the current. Fluid physics causes water flow velocities to slow as cross-sectional area increases. Sponges generally have a combined diameter of choanocyte chambers greater than the incurrent pores, and the combined diameters of the excurrent oscula are less than both the choanocyte chambers and incurrent pores (Brusca & Brusca 2002 ). This causes water to enter at velocity x, slow dramatically over the choanoderm for maximum absorption of nutrients, and then exit the sponge at a velocity far greater than x, sending the water clear of the sponge and avoiding recycling problems. Fossil sponges can be recognized, therefore, as organisms with combined incurrent pores greater in diameter than the combined excurrent openings.
Chancelloriids were sessile, benthic, radially symmetrical organisms constructed with presumed excurrent openings having a lesser diameter than the presumed combined incurrent pores. No specimen shows evidence of a mouth, gut or any other eumetazoan apomorphy, despite their co-occurrence with soft-bodied forms in localities such as Chengjiang (China), the Burgess Shale (Canada) and the Wheeler Shale (USA) that commonly preserve such anatomical features. Finally, the recognition of tissues as a eumetazoan plesiomorphy removes an additional difficulty with a poriferan affinity (Janussen et al. 2002) given that, similar to homoscleromorphs, chancelloriids were likely to possess an integument (Bengtson & Hou 2001; Janussen et al. 2002) .
Archaeocyaths, another Early Cambrian fossil group, provide a historical example of how a focus on skeletal characteristics may incorrectly preclude a group from the poriferan grade. As sessile, conical marine organisms, archaeocyaths were first formally described as possible sponges, but later classified as coelenterates, algae, foraminifera or an extinct phylum or kingdom, with a nonporiferan taxonomic affinity often preferred because their unique double-walled massive calcareous skeleton was unknown in modern sponges (see review in Rowland 2001) . However, the discovery of massive, calcareous sponges (sclerosponges and Vaceletia) demonstrated that the archaeocyathan skeleton was not incompatible with a 'sponge' affinity. Studies of archaeocyath ultrastructure (Kruse & Debrenne 1989) and functional morphology (Savarese 1992; Wood et al. 1992) further cemented their status as sponges, a point now agreed upon by nearly all archaeocyath and sponge workers (Rowland 2001) . The convergent evolution of both spicules and massive skeletons in different 'sponge' lineages suggests the skeletonization process in archaeocyaths and chancelloriids is largely irrelevant to their broad-scale taxonomic position as compared to recognizing the biological constraints afforded by a sessile, radially constructed organism with a probable excurrent osculum and no visible gut or mouth.
Poriferan paraphyly and Precambrian oxygenation
Geochemical evidence suggests that the partial pressure of atmospheric oxygen rose substantially circa 2.3 billion years ago (Holland & Beukes 1990; Farquhar et al. 2000) . While the increase in atmospheric oxygen helped to oxygenate the surficial layers of the ocean, the mid-Proterozoic deep ocean was likely anoxic and sulphidic (Canfield 1998; Anbar & Knoll 2002) . Between the midProterozoic and the Phanerozoic there was a transitional period from ancient to modern ocean, the latter characterized by a well-oxygenated mixed or surface layer, a mildly dysoxic to anoxic oxygenminimum zone from c. 200-1000 metres where the mineralization of organic matter descending from surface productivity draws down dissolved oxygen levels, and an oxygenated deep ocean. Evidence from carbon isotope studies indicates that the Proterozoic ocean was a 'soup' of dissolved organic matter (Rothman et al. 2003) . Logan et al. (1995) , in their seminal study of sedimentary organic carbon, suggested that hydrocarbons in Proterozoic sediments were derived primarily from bacteria and heterotrophic organisms rather than from photosynthetic organisms as in the modern ocean. Due to the lack of faecal pellets, which increase transport speed to the ocean bottom, the degradation of algal products was unusually complete. Logan et al. (1995) , therefore, suggested that the slowly sinking algal products were re-mineralized before they could be sequestered in the sediment, and it was the advent of planktonic organisms with faecal pellets that allowed for the drawdown of the organic carbon pool and transition to the Phanerozoic ocean. The timing of this shift as described in Logan et al. (1995) is not clear due to the lack of available radiometric dates at that time, occurring at some point between the Late Neoproterozoic and the Early Cambrian . New data from carbon and sulphur isotopes in the Huqf Supergroup in Oman suggests that this reorganization and the oxidation of the Proterozoic ocean took place during the 'Shuram' excursion. Chemostratigraphic correlations with other sections worldwide suggest that the Shuram event likely occurred prior to 551 Ma (Condon et al. 2005) , while detrital zircons from Oman date it younger than 610 Ma (Le Guerroue et al. 2006a) . The faecal pellets of mesozooplankton do not sink, and only the faecal pellets of macrozooplankton or nekton are capable of rapidly sinking . Given that the fossil record of planktic predation (Butterfield 1997) , and the actual fossil record of the possible predators themselves (Butterfield 1994) , indicates that the base of the zooplankton food chain did not exist until after the Tommotian, the evolution of macrozooplankton could not have occurred until significantly after the major oxidation of the dissolved organic carbon reservoir and transition to the Phanerozoic ocean. The origin and diversification of sponges and associated organisms might, however, represent an alternative mechanism for the drawdown of the dissolved organic carbon.
The (Halverson et al. 2005) , in the Early Cambrian or Early Triassic (Payne et al. 2004 ), which do not show carbonate carbon values below 26 0/00 , can be explained through normal agents such as changes in the fraction of carbon buried as organic carbon and/or changes in isotopic fractionation during photosynthesis. The Shuram excursion, however, demands a fundamentally different explanation for the long-term production of isotopicallylight carbonates. Fike et al. (2006) suggested that the Shuram excursion was caused by the oxidation of a large dissolved organic carbon (DOC) pool hypothesized to have existed throughout much of the Proterozoic (Rothman et al. 2003) , but they did not identify any mechanism to account for this event. Here, we posit that the advent of novel modes of heterotrophy, especially the orgin and radiation of sponges and rangeomorphs, could account for the Shuram excursion.
According to our hypothesis (Fig. 3) , in the early Neoproterozoic, the isotopic composition of marine carbonates is controlled by the normal Phanerozoic paradigm: d 13 C carb ¼ dw 2 (Ddx f org) where dw is equal to the isotopic composition of mantle-derived CO 2 (generally interpreted to be c. 26 0/00 throughout Earth history), Dd is the fractionation introduced during photosynthesis, and f org is the fraction converted to organic carbon during photosynthesis. Unlike the Phanerozoic, where f org ffi sedimentary organic matter, a significant percentage of primary production is not buried in the sediment (Logan et al. 1995) but is partly degraded in the water column and accumulates as dissolved organic carbon (DOC). By the early-to mid-Ediacaran ('Shuram' time), feeding by sponges and rangeomorphs on DOC led to volumetrically-significant heterotrophic respiration on this DOC pool for the first time in Earth history. Unlike in photosynthesis there is no isotopic fractionation during respiration (oxidation of the DOC), thereby producing large quantities of isotopically-light (c. 227 0/00 ) CO 2 that equilibrated with the water and caused a long-lived isotopic excursion below the canonical mantle value. Eventually the DOC reservoir was depleted, leading to a long isotopic recovery and explaining why the Shuram is a singular event in Earth history. The processing of DOC by sponges after the Shuram excursion would still have been important, although the amount of DOC available for feeding would be directly related to production. The evolution of the modern zooplankton food chain with faecal pellets near the base of the Cambrian finally allowed for the direct consumption of algae and the export of carbon to the sediment (Logan et al. 1995) without an intermediate DOC step. This hypothesis is supported by the temporal correlation of the Shuram isotope excursion with the origination and ecological dominance of two unrelated grades of organism, sponges and rangeomorphs. Molecular clocks (Peterson & Butterfield 2005 ) and the fossil record (McCaffrey et al. 1994; Love et al. 2006) show that the origin of the sponge-grade is not much older than the Ediacaran, and the first rangeomorphs are dated to c. 575 Ma . Both were extremely abundant and physiologically well-suited to feed directly on DOC, unlike virtually all other clades of eukaryotes including eumetazoans. The WCS of sponges is extremely efficient at moving water through the body via the power of the choanocytes. For example, a large sponge can filter its own volume of water every 10 to 20 seconds (Brusca & Brusca 2002) . In situ feeding studies on modern sponges demonstrate that some derive the majority of their food from DOC, and can remove an average of 10% of the DOC in the water in a single pass through the water canal system (Yahel et al. 2003) . Rangeomorphs, which must also have fed on dissolved organic carbon using a convergent solution based on passive absorption (see above), would also have contributed to the drawdown. The absolute dominance of rangeomorphs in the older (c. 575-565 Ma) Newfoundland Ediacaran fauna, and their almost complete absence in the younger (and shallower) Ediacara/White Sea (555 Ma) and Namibian (c. 549-543 Ma) faunas (Narbonne 2005) may be related to their reliance on passive absorption on the disappearing pool of dissolved organic carbon in the deep ocean, whereas sponges, which can essentially bring the ocean through their body with the water-canal system, would have been less affected by a declining reservoir. Canfield et al. (2006) suggested the deep ocean may have become oxygenated around the Gaskiers glaciation, c. 580 Ma. Oxidation of the Neoproterozoic DOC pool as discussed above must necessarily have resulted in a de-oxygenation of the ocean-atmosphere system, unless a different oxidant is invoked, and so oxygenation and oxidation are not necessarily linked. Nonetheless, the advent of the sponge and rangeomorph body plans allowed DOC to be incorporated into benthic biomass that could be buried and removed as an oxygen sink. Given that algal products could not be buried as faecal pellets until the Cambrian, the reorganization of biogeochemical cycles, as evidenced by the Shuram excursion, could reflect the origin and subsequent radiation of sponges and rangeomorphs.
Conclusions
Our molecular results provide further evidence for the paraphyly of Porifera and suggest that there are three 'sponge' phyla: Silicispongia, Calcispongia and Homoscleromorpha. This strengthens the conclusions of Peterson & Butterfield (2005) , and previous reports based on ribosomal evidence. Further work is required to test this topology, to provide more concrete evidence for the placement of placozoans and hexactinellids, and to elucidate the internal topology of demosponges and homoscleromorphs. Nevertheless, basal metazoan phylogeny is becoming clearer, and the paraphyly of sponges allows not only for the polarization of character states and an enhanced understanding of the sequence of character acquisition, but sheds much light on the phylogenetic affinities of long-extinct taxa, and provides new insights into global oceanic oxygenation. Finally, the fact that one modern clade of demosponges, the cladorhizids, lost the WCS and feeds macrophagously upon mesozooplankton using a derived mode of extracellular digestion (Vacelet & Boury-Esnault 1995) may shed light on the analogous loss of the WCS in early eumetazoans (Vacelet & Duport 2004) . The concordance between the observations that cladorhizids live in oligotrophic environments, and that eumetazoans arose on the heels of the Marinoan 'snowball Earth', may be of some significance. Fig. 3 . A biological explanation for the Shuram excursion. Bold arrows or font indicate a relatively more important contribution from that source. SL, sea level; CE, carbonate equilibria (CO 2 equilibrates with seawater and combines with ocean Ca 2þ to form carbonates). (a) In the early Neoproterozoic, the isotopic composition of marine carbonates (d 13 C carb ) is equal to that of mantle-derived CO 2 (dw; generally interpreted to be c. 26 0/00 throughout Earth history) minus the fraction converted to organic carbon during photosynthesis (f org), multiplied by the fractionation introduced during the Rubisco cycle (Dd). Unlike the Phanerozoic, where f org ffi sedimentary organic matter (OM), a significant percentage of primary production is not buried in the sediment but is partly degraded in the water column and accumulates as dissolved organic carbon (DOC). (b) By the early-to mid-Ediacaran, feeding by sponges and rangeomorphs on DOC led to volumetrically-significant heterotrophic respiration on this DOC pool for the first time in Earth history. Unlike in photosynthesis there is no isotopic fractionation during respiration (oxidation of the DOC), thereby producing large quantities of isotopically-light (e.g. 227 0/00 ) CO 2 that equilibrated with the water and eventually contributed to a long-lived isotopic excursion below the canonical mantle value. (c) By the Phanerozoic, the carbon isotopic system had achieved its present-day steady state, with a small DOC pool and an isotopic value of marine carbonates controlled primarily by the fraction of carbon buried as organic matter. The evolution of macrozooplankton at the base of the Cambrian finally allowed for the direct processing of algal products and their transport to seafloor as faecal pellets without a DOC intermediate.
